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We consider the long-range effect of the Higgs on the density of thermal-relic dark matter. While
the electroweak gauge boson and gluon exchange have been previously studied, the Higgs is typically
thought to mediate only contact interactions. We show that the Sommerfeld enhancement due to
a 125 GeV Higgs can deplete TeV-scale dark matter significantly, and describe how the interplay
between the Higgs and other mediators influences this effect. We discuss the importance of the Higgs
enhancement in the Minimal Supersymmetric Standard Model, and its implications for experiments.
INTRODUCTION
The dark matter (DM) density has been determined
to an unprecedented precision by the Planck satellite [1]
ΩDMh
2 = 0.1199± 0.0022 . (1)
This measurement provides a powerful constraint on DM
theories. However, in order to constrain DM models reli-
ably, it is essential to compute the expected DM density
in a comprehensive manner.
It is well known that the density of thermal-relic DM is
determined by the strength of the DM annihilation pro-
cesses. These include the DM self-annihilations, as well
as the co-annihilations of DM with particles of similar
mass. The latter were first discussed in [2], but have
received renewed attention recently, in particular in the
context of DM coupled to the Weak Interactions of the
Standard Model (SM), known as WIMP DM [3–10].
Moreover, it is well established that if DM or its co-
annihilating partners couple to significantly lighter force
mediators, then non-perturbative effects – the Sommer-
feld enhancement of the annihilation processes [11, 12]
and the formation of unstable bound states [13] – become
important. It has been shown, in particular, that the
electroweak gauge boson exchange, as well as the gluon
exchange in the case of DM co-annihilating with colored
particles, can affect significantly the density of WIMP
DM with mass as low as ∼ 500 GeV (see e.g. [14–18]). On
the other hand, the Higgs exchange has been neglected
so far, or studied only insufficiently [19]. The rationale
has been twofold: The Higgs boson, being heavier, yields
a shorter-range force than the SM gauge bosons, and the
DM coupling to the Higgs is in many models smaller than,
or only comparable to the SM gauge couplings.
In this work, we demonstrate that, contrary to the
above expectation, the Higgs enhancement can be signif-
icant. We employ a simplified model in which DM coan-
nihilates with colored particles that couple to a SM-like
Higgs. While this setup has wider applicability, it is in-
spired by the Minimal Supersymmetric SM (MSSM) and
the measurement of the Higgs mass, which together moti-
vate light stops with large coupling to the Higgs [20, 21].
Related DM studies in the MSSM have been conducted
recently [10, 22, 23]. Moreover, this setup allows to di-
rectly compare the effect of the Higgs exchange with that
of other mediators, in particular the gluons. As we show,
the Higgs enhancement is significant even for moderate
couplings to the Higgs, and can be comparable to the
gluon exchange.
This letter is organized as follows: After specifying
the simplified model, we review the DM freeze-out in the
presence of coannihilations. We describe the effect of
the Higgs enhancement on the annihilation cross-section,
before demonstrating its impact on the DM abundance.
We conclude with a discussion of the Higgs enhancement
in the MSSM, and its experimental implications.
SIMPLIFIED MODEL
We assume that DM is a Majorana fermion χ of mass
mχ, that coannihilates with a complex scalar X of mass
mX . χ and X are the lightest and next-to-lightest parti-
cles (LP and NLP) odd under a Z2 symmetry that pre-
vents the LP from decaying. For our purposes, we need
not specify the χ interactions with X or other particles
further. X transforms as a 3 under SU(3)c, and couples
to a real scalar h of mass mh = 125 GeV, via
δL = (Dµ,ijXj)† (Dµij′Xj′)−m2X X†jXj
+
1
2
(∂µh)(∂
µh)− 1
2
m2hh
2 − ghmX hX†jXj . (2)
Here, Dµ,ij = δij∂µ− igsGaµT aij , with Gaµ being the gluon
fields and T a the corresponding generators. In a com-
plete model, the scalar potential includes also the quartic
terms. Moreover, a SM-like Higgs would couple to the
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2SM particles. For simplicity, we do not consider these
couplings, whose effect is well known. We focus instead
on the long-range effect of the hX†jXj term only. The
hX†jXj coupling is expressed in terms of mX for conve-
nience. It is not necessarily proportional to mX in com-
plete models, since we typically expect other sources for
mX besides the Higgs vacuum expectation value. Indeed,
for a scalar X boson, a bare mass is allowed by all uni-
tary symmetries. It may be forbidden by a non-unitary
symmetry, such as supersymmetry, but appears as a soft
supersymmetry-breaking term in the MSSM.
In this setup, if the relative mass difference ∆ ≡ (mX−
mχ)/mχ is small, the DM density is determined by the
χ self-annihilation, the χ−X and χ−X† coannihilation
and the X −X† annihilation, as we now describe.
RELIC ABUNDANCE
The DM density for a system of (co)annihilating par-
ticles is determined by the Boltzmann equation [2]
dY˜
dx
= −
√
pi
45
g
1/2
∗,eff MPlmχ 〈σeff vrel〉
x2
(Y˜ 2 − Y˜ 2eq) , (3)
where Y˜ is the sum of the yields of all coannihilating
species, Y˜ =
∑
i Yi =
∑
i ni/s with i = χ,X,X
†. s ≡
(2pi2/45) g∗S T
3 is the entropy density of the universe,
g∗,eff , g∗S are the energy and entropy degrees of freedom,
and x ≡ mχ/T is the time parameter. The yields in
equilibrium are
Y eqi =
90
(2pi)7/2
gi
g∗S
[(1 + δi)x]
3/2 e−(1+δi)x , (4)
with δχ = 0, δX,X† = ∆ and gχ = 2, gX,X† = 3. As seen
from Eq. (4), if the NLP is close in mass to the LP, its
density is only mildly more suppressed, and it contributes
to the DM density substantially.
The thermally-averaged effective cross-section includes
all (co)annihilation processes weighted by the densities of
the participating species. We assume that the dominant
contribution is the XX† annihilation cross-section σXX† ,
such that
〈σeff vrel〉 =
2Y eqX Y
eq
X† 〈σXX† vrel〉
Y˜ 2eq
, (5)
where vrel is the relative velocity. In our model, the
dominant annihilation channels are the s-wave processes
XX† → gg, hh. The annihilations XX† → qq¯, gh are
p-wave suppressed, and we neglect them for simplicity.
The cross-sections for the s-wave processes are
(σvrel)XX†→gg =
14
27
piα2s
m2X
×
(
2
7
S
[1]
0 +
5
7
S
[8]
0
)
, (6a)
(σvrel)XX†→hh =
4piα2h
3m2X
(1−m2h/m2X)1/2
[1−m2h/(2m2X)]2
× S[1]0 , (6b)
X
X†
2PI · · · 2PI2PI = g + h
Figure 1: The interaction of X, X† at infinity affects the anni-
hilation processes. The ladder represents the resummation of
the two-particle irreducible diagrams (2PI) that yield a long-
range effect: the gluon and the Higgs exchange. The black
blob indicates the various annihilation channels.
where αh ≡ g2h/(16pi) [24, 25] and αs ≡ g2s/(4pi). As
seen, σvrel factorize into their perturbative values and
the Sommerfeld factors S0 that encapsulate the effect of
the long-range interaction, which we discuss next.
Besides the direct annihilation processes (6), the for-
mation and decay of X −X† bound states may deplete
DM significantly [7, 13, 17, 18, 26–28]. Since our focus
here is to demonstrate the long-range effect of the Higgs,
we shall neglect these processes, which involve consid-
erable technicalities, and present a complete treatment
elsewhere [29]. Suffice to say that bound-state effects
imply an even stronger impact of the Higgs exchange on
the DM density.
HIGGS ENHANCEMENT
If two particles couple to a light force mediator, then
their long-range interaction distorts their wavepackets.
This is known as the Sommerfeld effect [30, 31], which
enhances or suppresses the inelastic scattering at low vrel,
for attractive or repulsive interactions, respectively.
In our model, X and X† interact via the gluons and
the Higgs. The long-range effect of these interactions
is captured by the ladder diagrams shown in Fig. 1.
The resummation of all two-particle irreducible diagrams
amounts to solving the Schro¨dinger equation with a
mixed Coulomb and Yukawa potential,
V (r) = −αg
r
− αh
r
e−mhr . (7)
The coupling αg depends on the color representation
of the X,X† state. The color space decomposes as
3⊗ 3¯ = 1⊕ 8; in the singlet state, the gluon exchange
is attractive with αg = (4/3)αs, while in the octet state,
the interaction is repulsive with αg = −αs/6 [32].
While previous works examined the gluon exchange, we
consider also the attractive force mediated by the Higgs.
The Higgs exchange enhances the attraction in the sin-
glet state, and reduces, or overcomes the repulsion in the
octet state. This has not been computed before, but as
we show, affects the DM density significantly.
The scattering states are described by a wavefunction
φk(r) that depends on k = µvrel, where µ = mX/2 is the
3reduced mass and vrel the relative velocity. We define
the dimensionless coordinate z ≡ kr, and the parameters
ζg,h ≡ µαg,h
µvrel
=
αg,h
vrel
, dh ≡ µαh
mh
. (8)
Then, φk is determined by the Schro¨dinger equation{
∇2z + 1 +
2
z
[
ζg + ζh exp
(
−ζhz
dh
)]}
φk = 0 , (9)
and the standard boundary condition at r → ∞ of an
incoming plane wave plus an outgoing spherical wave [33].
For s-wave annihilation, the Sommerfeld factor
S0(ζg, ζh, dh) ≡ |φk(0)|2 (10)
multiplies the perturbative cross-section [34]. In Eqs. (6),
S
[1]
0 = S0[4αs/(3vrel), αh/vrel, mXαh/(2mh)] and S
[8]
0 =
S0[−αs/(6vrel), αh/vrel, mXαh/(2mh)].
Due to the running of the strong coupling, the various
factors of αs must be evaluated at the appropriate mo-
mentum transfer Q. In the vertices of the XX† → gg
tree-level diagram, Q = mX is the momentum of the
radiated gluons. In the ladder diagrams that determine
the Sommerfeld factors, Q = µvrel is the average mo-
mentum transfer between X,X†. The running of αs is
implemented according to [35, 36]. αh is also subject
to running that can be computed within UV complete
models. Here we neglect this effect, which however is not
expected to change our conclusions.
The dimensionless parameters of Eq. (8) contrast
physical scales. The Bohr momentum µα indicates
the momentum transfer around or below which non-
perturbative effects arise; the parameters ζg and ζh com-
pare this scale with the average momentum exchange be-
tween the interacting particles, µvrel. For the Yukawa
term, dh compares the Bohr radius (µαh)
−1 with the
range of the potential, m−1h . It is typically expected that
the Sommerfeld effect arises roughly for |ζg| & O(1) and
ζh, dh & O(1), for the Coulomb and Yukawa potentials
respectively, and that the Coulomb limit of the Yukawa
potential is attained for dh & ζh (µvrel & mh). Circum-
scribing this parameter range more precisely is impor-
tant for anticipating the phenomenological implications
of force mediators. We find that the interplay of the
Coulomb and Yukawa terms affects this determination.
In Figs. 2 and 3, we illustrate this point.
In Fig. 2, we explore the dependence of S0 on dh. We
fix ζh = 0.4; given the typical values of the velocity dur-
ing freeze-out, vrel ∼ 0.2, this corresponds to sizable but
moderate couplings, αh ∼ 0.08. The red line, ζg = 0,
shows the Higgs enhancement without the effect of gluon
exchange. We may observe that for dh as low as ∼ 0.2
the enhancement is substantial, S0 ∼ 1.8, and amounts to
about half of the enhancement of the Coulomb limit. For
the SM Higgs mass of 125 GeV, dh ∼ 0.2 is realized for
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Figure 2: The Sommerfeld factor in the mixed Coulomb and
Yukawa potential of Eq. (7). At dh → 0 and∞, the Coulomb
limit is attained, S0 ' 2piζ/(1− e−2piζ), with ζ = ζg and ζg +
ζh, respectively. The dotted black lines mark the dh values
for which S0 is above its dh → 0 limit by 50% (left) and 90%
(right) of the difference toward its dh →∞ limit.
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Figure 3: S0 vs ζg, for both repulsive (left panel) and at-
tractive (right panel) Coulomb interaction. We take the
Yukawa coupling to be twice as strong as the Coulomb one,
αh = 2|αg|, and vary the parameter dh ≡ µαh/mh.
moderate αh and low enough mX to be probed by collider
experiments; for instance, αh = 0.1 and mX = 500 GeV
or αh = 0.05 and mX = 1 TeV.
Let us next consider the superposition of the Yukawa
4and the Coulomb potentials. The dotted black lines in
Fig. 2 depict an important trend. For an attractive
Coulomb term, the Yukawa contribution to S0 is signifi-
cant (with respect to its full capacity that is determined
by its Coulomb limit) for even lower dh than in the case
of a pure Yukawa potential. That is, the Yukawa interac-
tion manifests as long-range for an even smaller hierarchy
between scales. This feature has not been identified in
DM studies before, but has a significant implication. It
indicates that the Higgs enhancement is important for
lower αh and/or mX than anticipated.
It is also striking that the Yukawa attraction can con-
siderably ameliorate or fully overcome the suppression
due to the repulsive Coulomb potential still for modest
values of dh. For this to occur, it is of course important
that αh is at least comparable to |αg|. In the model con-
sidered here, the Coulomb coupling in the octet state is
αg = −αs/6 ∼ −0.02, where we took αs ∼ 0.1. It follows
that even weak couplings to the Higgs can substantially
enhance the annihilation rate of the octet state.
Nevertheless, the Coulomb suppression is exponential
in ζg, and dominates over the Yukawa attraction at low
vrel (large |ζg|), as seen in Fig. 3 (left). This does not
change our earlier conclusion though, since the DM relic
density is determined mostly at earlier times, when |ζg|
is not much larger than 1.
IMPACT ON THE RELIC DENSITY
The above discussion suggests that the impact of the
Higgs exchange on the DM density can be significant.
This is indeed so. We compute the DM freeze-out with
and without the Higgs enhancement, and present our re-
sults in Fig. 4, for αh in the range 0.02 − 0.2.1 The
enhanced annihilation rate implies that ΩDM is obtained
for larger ∆m and/or mχ, as shown in the upper panel.
Already for αh = 0.02, the effect exceeds the 3σ experi-
mental uncertainty in ΩDM, while for larger αh it becomes
very severe, as seen in the lower panel. While here we
focus on mX > 500 GeV to be on par with experimental
constraints, the Higgs enhancement can affect the DM
density significantly even for lower masses, as can be ex-
trapolated from the lower panel of Fig. 4, and deduced
from Figs. 2 and 3, by appropriate estimates.
1 We may estimate the value of αh around which our computation
breaks down by considering the upper bound on the inelastic
cross-sections implied by the S-matrix unitarity [37]. Apply-
ing the s-wave unitarity bound on Eq. (6b), we find αh < 0.7
(neglecting αs). Around and above this value, higher order cor-
rections must be considered (see Refs. [13, 38] for related discus-
sion). Note that this condition is stronger that the commonly
assumed perturbativity condition αh < 4pi. Depending on the
UV completion of the theory, additional unitarity and perturba-
tivity conditions may be pertinent.
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Figure 4: Upper panel: The mass difference between the LP
and the NLP vs the DM mass, for different couplings to the
Higgs. The bands indicate the 3σ uncertainty on ΩDM. The
dashed lines include only the effect of gluon exchange, while
the solid lines incorporate the Higgs enhancement. Lower
panel: The effect of the Higgs enhancement on the DM den-
sity ranges from 10% to 150%, for the parameters considered.
∆m is fixed for every mDM and αh, by the full freeze-out
computation that includes the Higgs exchange.
In the upper panel of Fig. 5, we focus on low DM
masses, mχ = (0.5, 1, 2) TeV that can be probed at
current and future colliders, and show the considerable
increase in the predicted mass gap ∆m. The Higgs en-
hancement implies a stronger lower limit on ∆m for a
given mχ and αh; additional (co)annihilation channels –
potentially also Higgs-enhanced – that are expected in
complete models, shift the prediction for ∆m to higher
values.
The maximum DM mass mmaxχ in agreement with ΩDM
is shown in the lower panel of Fig. 5. The Higgs enhance-
ment shifts mmaxχ substantially, by about 150 GeV for
αh = 0.02, to more than 6 TeV for αh = 0.2.
The mass gap and the maximum DM mass have im-
portant experimental implications, as we discuss below.
HIGGS ENHANCEMENT IN THE MSSM
Sizable couplings to the Higgs occur in the MSSM,
especially in light stop scenarios with maximal mixing
between stop mass eigenstates, that are motivated by
the value of the Higgs mass [3, 20]. In the MSSM11,
we have identified an example scenario of neutralino
LP and stop NLP, with masses mχ˜01 = 982.5 GeV and
mt˜1 = 1066.1 GeV, where the coupling to the Higgs
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Figure 5: The mass difference ∆m = mX − mχ for mχ =
(0.5, 1, 2) TeV (upper panel), and the maximal DM mass
(lower panel) versus αh, with Higgs enhancement (solid lines)
and without (dashed lines).
amounts to αh ' 0.15. The MSSM parameters are (di-
mensionful quantities in GeV) tanβ = 16.3, µ = 2653.1,
mA0 = 1917.9, M1 = 972.1, M2 = 1944.1, M3 = 5832.4,
Mq˜1,2 = 3054.3, Mq˜3 = 2143.7, M˜` = 2248.3, Mu˜3 =
2143.7, and At = −4380.93. As large trilinear cou-
plings are known to give rise to color-breaking minima
in the scalar potential that could endanger the stability
of the SU(3)c-symmetric vacuum, we have checked with
Vevacious [39, 40] for stability. We found that in this
scenario, the color-symmetric vacuum is metastable but
sufficiently long-lived. Thermal corrections imply an up-
per limit on the reheating temperature of T ≈MSUSY. In
scenario B of Ref. [4], with mχ˜01 = 1306.3 GeV and mt˜1 =
1363.0 GeV, we find αh = 0.03. Moreover, in the param-
eter space recently explored in Ref. [10], we estimate αh
to be in the range ∼ (0.02−0.07) for mt˜1 = 500 GeV and∼ (0.01 − 0.05) for mt˜1 = 1500 GeV. Larger couplings
to the Higgs than those mentioned above may be viable,
however a proper study of the vacuum stability has to be
pursued for specific scenarios. Furthermore, it has been
argued that large couplings of colored particles to the
Higgs may lead to a new phase in the MSSM, where the
standard treatment does not apply [41].
Clearly, substantial couplings to the Higgs appear in
realistic models. While the Higgs enhancement has been
neglected in previous studies, it is essential for interpret-
ing the experimental results correctly.
FURTHER EXPERIMENTAL IMPLICATIONS
Small mass gaps ∆m that are a feature of the scenarios
considered here, lead to the production of soft jets from
the decay of the NLP that are difficult to probe at the
LHC. The Higgs enhancement implies larger mass gaps
for a given DM mass (cf. Fig. 5), therefore harder jets
that may pass the detection threshold. This is impor-
tant for mono-/multi-jet plus missing energy searches.
Higgs-enhanced bound-state processes increase ∆m fur-
ther [29]. Moreover, the Higgs enhancement implies that
WIMP DM may be heavier than anticipated, and mo-
tivates indirect searches in the multi-TeV regime.2 Of
course, to fully assess the experimental implications of
the Higgs enhancement, proper analyses of realistic sce-
narios are necessary.3
CONCLUSIONS
We have demonstrated that the Higgs enhancement
can affect the DM density significantly, thereby alter-
ing the interpretation of the experimental results within
specific theories, but also motivating extended searches.
Importantly, the interplay between the Higgs and other
mediators – within or beyond the SM – affects the effi-
ciency of the Higgs enhancement. Besides the scenarios
considered here, we expect that the Higgs enhancement
is important in a variety of models around or above the
TeV scale, including WIMP scenarios, such as the inert
doublet model [18, 45–49], as well as Higgs portal models
(see [50] and references therein).
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